The microenvironment of the tumor plays an important role in facilitating cancer progression and activating dormant cancer cells. Most tumors are infiltrated with inflammatory cells which secrete cytokines such as tumor necrosis factor-α (TNF-α). To evaluate the role of TNF-α in the development of cancer we studied its effects on cell migration with a migration assay. The migrating cell number in TNF-α-treated group is about 2-fold of that of the control group. Accordingly, the expression of E-cadherin was decreased and the expression of vimentin was increased upon TNF-α treatment. These results showed that TNF-α can promote epithelial-mesenchymal transition (EMT) of MCF-7 cells. Further, we found that the expression of Snail, an important transcription factor in EMT, was increased in this process, which is inhibited by the nuclear factor kappa B (NFκB) inhibitor aspirin while not affected by the reactive oxygen species (ROS) scavenger N-acetyl cysteine. Consistently, specific inhibition of NFκB by the mutant IκBα also blocked the TNF-α-induced upregulation of Snail promoter activity. Thus, the activation of NFκB, which causes an increase in the expression of the transcription factor Snail is essential in the TNF-α-induced EMT. ROS caused by TNF-α seemed to play a minor role in the TNF-α-induced EMT of MCF-7 cells, though ROS per se can promote EMT. These findings suggest that different mechanisms might be responsible for TNF-α-and ROSinduced EMT, indicating the need for different strategies for the prevention of tumor metastasis induced by different stimuli.
Introduction
The microenvironment of the tumor plays an important role in facilitating cancer progression and activating dormant cancer cells (1) . One feature of many solid tumors is the influx of inflammatory cells, such as tumorinfiltrating lymphocytes and macrophages. These inflammatory cells are assumed to have an important function in the stages of cancer development such as cell transformation, angiogenesis, and metastasis. Indeed, R. Dong et al.
www.bjournal.com.br focal macrophage infiltration has been linked to increased angiogenesis in human breast and colorectal cancer (2, 3) . Yet, the functional significance of cytokines produced in situ by inflammatory and tumor cells is still unclear. Another feature of many tumors is the hypoxia of the tumor cells and the resulting production of reactive oxygen species (ROS) (4, 5) . We reasoned that some of the cytokines released from these cells and hypoxia might serve to enhance the invasive step in breast carcinogenesis through defined signaling pathways. Many epithelial tumors undergo an epithelial-mesenchymal transition (EMT) that facilitates their invasion. It has been reported that either ROS or nuclear factor kappa B (NFκB) could facilitate the EMT in certain cell types (6) (7) (8) (9) (10) and tumor necrosis factor-α (TNF-α), one of the major factors released from the inflammatory cells, could cause NFκB activation and ROS production (11) . It has been reported that TNF-α can promote EMT in certain cell types, but the precise mechanism is still unclear (12) . Based on the importance of the EMT in carcinoma progression and the prevalence of TNF-α and hypoxia in the presence of tumors, the present study was designed to determine whether TNF-α and ROS are capable of facilitating EMT and to understand the mechanisms involved. We report that MCF-7 cells undergo an EMT conversion from a relatively benign cancer to a migratory phenotype in response to TNF-α. Furthermore, our data suggest that this EMT transition is mainly due to the activation of NFκB rather than ROS stimulated by TNF-α. Overall, our finding has important implications for our understanding of how TNF-α contributes to tumor development.
Material and Methods
Cell culture and material MCF-7 cells, originally obtained from the American Type Culture Collection, were maintained in culture in a 37ºC incubator with 5% CO 2 in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). All antibodies (anti-vimentin, anti-E-cadherin, anti-actin) used were purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA. TNF-α and the ROS-quenching agent N-acetyl cysteine (NAC) were purchased from Sigma (St. Louis, MO, USA).
Cell migration assay
The cell migration assay was done as previously described (13) . MCF-7 cells were grown to 80% confluence, serum-starved overnight in RPMI 1640 medium and trypsinized and washed in serum-free RPMI 1640 medium before plating onto a 12-well Transwell plate (12 mm in diameter, 8-µm pore size; Corning Incorporated Costar, Lindfield, NSW, Australia). Twelve-well transwell chambers were incubated with RPMI 1640 medium containing 0.01% bovine serum albumin and 0.01% FBS overnight. Cells (5 x 10 4 ) were added to the upper well, which was placed inside a lower well containing RPMI 1640 medium, 10% FBS, and various agents indicated in the Results section. After incubation for 24 h, the filter was removed and cells remaining on the upper membrane surface were scraped off. MCF-7 cells that had migrated to the lower side of the filter were fixed in methanol at 4ºC for 15 min, stained with Toluidine blue and counted under a microscope for quantitation of MCF-7 migration.
RT-PCR
RT-PCR was performed as previously described (14) . At the beginning of each experiment, cells growing in the log phase were plated onto a 6-well dish at a density of 3 x 10 5 cells/well and then treated with 10 ng/mL TNF-α, 50 µM H 2 O 2 , 5 mM aspirin, or 5 mM NAC or different combinations of these agents. Cells were harvested 24 h later for extraction of RNA, and 2 µg total RNA was used to prepare cDNA in a 25-µL system (TRizol, Invitrogen, Carlsbad, CA, USA; MLV Reverse transcriptase, Promega, Madison, WI, USA). PCR was then performed on 1 µL cDNA with the following primers: Snail forward, GGGCAGGTATGGAGA GGAAGA; Snail reverse, TTCTTCTGCGC TACTGCTGCG; E-cadherin forward, CAG CACGTACACAGCCCTAA; E-cadherin reverse, GCTGGCTCAAGTCAAAGTCC; GAPDH forward, CCTGGCCAAGGTCAT CCATGAC; GAPDH reverse, CATGTAGG CCATGAGGTCCACCAC.
Construction of the Snail promoter reporter and luciferase assay
A fragment of about 800 bp upstream to the translational start site of Snail was amplified by PCR using the following set of primers: forward CCAGATCTCAAAGCACACT TCCCTTTGCATTG; downward GGGCCA TGGTGGTCGAGGCACTGGGGTC. PCR products were confirmed by sequencing and digested with the indicated restriction nucleases before cloned into the promoterless and enhancerless pGL3 Basic vector (Promega). Cells were plated at a density of 10 4 / well onto a 24-well dish and transiently transfected with 300 ng 3X κB luc (which contains multiple NFκB sites upstream to the minimal promoter-luciferase gene) or Snail reporter or the combination of Snail reporter and the mutant IκB expression vector in the indicated groups. Fifty nanograms of pBIND vector (Promega) was co-transfected as an internal control. Ten nanograms/mL TNF-α, 50 µM H 2 O 2 , 5 mM aspirin, or 5 mM NAC, or different combinations and the control agents were added to the indicated wells 4 h post-transfection, and cells were harvested 24 h after the transfection for the luciferase activity test. Experiments for each treatment were performed in triplicate. Luciferase activity was assessed using the Promega luciferase assay system. The luciferase activity of each lysis was measured and then normalized to the activity of Renilla driven by the constitutive expression promoter in the vector of pBIND. Fold induction was calculated relative to the activity observed with the basic pGL3 vector alone.
Western blot analysis
After stimulation, whole cells were washed with cold phosphate-buffered saline and lysed in 10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM ethylenediamine tetraacetic acid, 1% Nonidet P-40, and 10 µg/mL phenylmethylsulfonyl fluoride. Cell extracts were transferred to microcentrifuge tubes, mixed, and left on ice for 10 min. After one freeze/ thaw cycle, they were centrifuged at 12,000 g for 5 min at 4 o C. Supernatant samples were subjected to SDS-PAGE and then transferred to nitrocellulose by electrophoresis. Blots were incubated with primary antibodies (antivimentin, anti-E-cadherin, anti-actin) in Trisbuffered saline-Tween-20 plus 2.5% skim milk overnight. After serial washes with Trisbuffered saline-Tween-20, membranes were incubated with the secondary antibody. Immunoreactive bands were visualized using a peroxidase-conjugated secondary horseradish antibody and subsequent ECL detection (Amersham Pharmacia Biotech, Bucks, UK).
Statistical analysis
Data are reported as mean ± SD and the Student t-test was applied for statistical analysis, with the level of significance set at P < 0.05.
Results

TNF-α α α α α promotes cell migration
To clarify that TNF-α was involved in the promotion of tumor invasion, we first tested the ability of migration of MCF-7 cells under the treatment used. As shown in R. Dong et al.
www.bjournal.com.br Figure 1A , the number of migrating cells doubled under treatment with TNF-α compared to control. In addition, we tested the level of vimentin expression in MCF-7 cells. In the control group, vimentin could rarely be detected while in the TNF-α-treated group it was significantly enhanced ( Figure 1B) . Consistent with this, the results of the wounding assay revealed that a migration distance about 100 µm longer occurred after MCF-7 cell exposure to TNF-α for 24 h (data not shown).
TNF-α α α α α increased the transcription of Snail in
an NFκ κ κ κ κB-dependent way
In light of the important roles of NFκB and ROS in EMT, we raised the possibility that NFκB or ROS function importantly in the migration of MCF-7 cells induced by TNF-α. It has also been reported that a reduced level of E-cadherin expression has a pivotal role in EMT. Thus, we proposed that NFκB or ROS may bridge TNF-α and EMT through E-cadherin. To examine this possibility, we tested the expression level of Snail, the transcription repressor of E-cadherin, in the different treatments. We treated cells with the combination of TNF-α plus NAC or aspirin, which were supposed to inhibit the production of ROS and the activation of NFκB, respectively. First, the effect of NAC and aspirin was confirmed by the 3X κB luc reporter assay. As shown in Figure 2A , NAC had little effect on NFκB activity while aspirin almost totally blocked the activation of NFκB induced by TNF-α. The results in Figure 2B reveal that the transcription of Snail was enhanced by TNF-α and can be inhibited by the NFκB inhibitor aspirin while it cannot be inhibited by NAC, pointing to the possibility that NFκB was the main mediator. In contrast, H 2 O 2 induced up-regulation of Snail which was only mildly inhibited by aspirin (data not shown). Since aspirin has other functions in addition to being an inhibitor of activated NFκB, we also car- A, MCF-7 cells were transfected with 300 ng 3X κB luc and 50 ng pBIND. Ten nanograms/mL TNF-α, 50 µM H 2 O 2 , 5 mM aspirin, 5 mM N-acetyl cysteine (NAC) or different combinations and the control agents were added to the indicated wells 4 h post-transfection, and cells were harvested 24 h after transfection for the luciferase activity test. Aspirin (5 mM) potently blocked the TNF-α-and H 2 O 2 -induced activation of NFκB (P < 0.05). NAC had no obvious effect on the activation of NFκB induced by TNF-α. Experiments for each treatment were performed in triplicate. Results are reported as means ± SD. B, MCF-7 cells were pretreated with aspirin or NAC for 2 h or control. Cells were then incubated with TNF-α or control. RNA was isolated 24 h later, and the levels of Snail and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined by RT-PCR. Similar results were obtained in three independent experiments. C, MCF-7 cells were co-transfected with Snail promoter reporter, the internal control vector, and the IκB mutant or the control vector pcDNA3.1 and treated with TNF-α 6 h after transfection. Results showed that the IκB mutant nearly blocked the induction of Snail promoter induction (P < 0.05, Student t-test). Experiments for each treatment were performed in triplicate. Data are reported as means ± SD.
EMT induced by NFkappaB and ROS in MCF-7 cells
www.bjournal.com.br ried out the following experiment. Snail promoter was constructed and transfected into MCF-7 cells. As shown in Figure 2C , TNF-α significantly enhanced the promoter activity of Snail which can be blocked by cotransfection with the mutant IκB expression vector. These data are consistent with previous reports showing that the Snail promoter is regulated by NFκB (15) . Finally, we observed the expression of E-cadherin both at the mRNA level and at the protein level. In agreement with the fluctuating expression of Snail, a reverse trend to expression of Ecadherin was observed both at the mRNA and protein level ( Figure 3A and B). In addition, H 2 O 2 induced down-regulation of E-cadherin which was only mildly inhibited by the NFκB inhibitor. Notably, the present results do not exclude a direct effect of activated NFκB on E-cadherin itself, which may occur through loss of Snail function. On the basis of the above data, we further tested the effects of aspirin and NAC on the TNF-α-induced EMT in MCF-7 cells and observed that it was aspirin rather than NAC that blocked the enhanced migrating ability of MCF-7 cells induced by TNF-α. In contrast, the increased migrating ability induced by H 2 O 2 was only mildly inhibited by the NFκB inhibitor aspirin (Figure 4 ).
Discussion
The initial process in the metastatic spread of breast carcinomas involves invasion by malignant cells through the extracellular matrix of a basement membrane, followed by their migration into lymphatic or vascular channels (16) . The acquisition of migratory properties and weakening of cell-cell adhesion are imperative for tumor cell metastasis.
The continued expression and functional activity of E-cadherin are required for cells to remain tightly associated in the epithelium. In the absence of E-cadherin, many other cell adhesion and cell junction proteins expressed in epithelial cells are unable to support intercellular adhesion. The central role of E-cadherin in epithelia is demonstrated by the fact that loss of either its expression or function results in the dissolution of the epithelial architecture and the acquisition of a mesenchymal phenotype. This process, referred to as the EMT, occurs within the context of development and tu- (17) .
Although MCF-7 breast cancer cells are poorly invasive (18), we show that exposure of these cells to TNF-α leads to increased motility. NFκB plays a central role in the EMT. It has been reported that NFκB can facilitate EMT through transcriptional regulation of Snail, a transcriptional repressor of E-cadherin (12) . It has also been reported that ROS could also promote EMT by activating Rac and the downstream cascade (19) . ROS and NFκB can cross-talk with each other (20) . Cytotoxic ROS signaling appears to be mediated in part by activation of the cJun-N-terminal kinase mitogen-activated protein kinase cascade, while in some systems ROS lead to activation of NFκB. Remarkably, new evidence has unveiled the existence of a reciprocal negative control that NFκB exerts on ROS and the c-Jun-Nterminal activities ROS and NFκB have a complicated interaction in the TNF-α signaling. On the one hand, NFκB can inhibit ROS production and on the other ROS can function both as an inhibitor and as an activator of NFκB depending on the context, complicating the roles of ROS and NFκB in the TNF-α-induced EMT. In the present study, we observed that NFκB plays a vital role in this process through its transcriptional regulation of the expression of Snail and then of E-cadherin. We cannot rule out the possibility that other factors function importantly in the TNF-α-induced EMT, such as cyclooxygenase-2 (COX-2), an inducible enzyme involved in prostaglandin (including prostaglandin E2) biosynthesis, which is overexpressed in several epithelial malignancies including breast cancer and up-regulated under the NFκB signal, while COX-2 plays an important role in metastasis (21) (22) (23) . It is also possible that other proteins affected by NFκB are vital for EMT and that other factors such as protein kinase or other signal molecules function downstream from, or synergistic or parallel with, the NFκB pathway. All of these hypotheses still need to be tested. The ROS caused by TNF-α seemed to play a minor role in the TNF-α-induced EMT of MCF-7 cells, though ROS can promote EMT by themselves, suggesting a complicated role of ROS in EMT. On the one hand, this can be explained by the fact that the ROS produced by TNF-α are different in quantity, time and compartment from those produced by treatment with exogenous H 2 O 2 or under hypoxia or other conditions. On the other hand, ROS may function as activators, bystanders, or inhibitors of EMT in different situations. In some situations ROS produced by TNF-α act as inhibitors of NFκB by a mechanism whose details still need to be elucidated. In addition, the present study suggested that the NFκB inhibitor aspirin nearly blocked the TNF-α-induced EMT, suggesting that NFκB may be the converging point of the complicated signal pathway induced by TNF-α in the process of tumor metastasis. In agreement with previous study showing that inhibition of NFκB would significantly inhibit the migrating ability of tumor cells (24, 25) , our result may also provide valuable information for the role of aspirin in inflammation-associated tumors for the prevention of metastasis. However, it is important to note that aspirin is not a specific inhibitor of NFκB, but COX-2 is also blocked by aspirin which plays an important role in tumor metastasis. Thus, we cannot rule out the possible role of COX-2 inhibition among the effects of aspirin on TNF-α-induced EMT. Further studies are needed to detect the basal level and induced level of COX-2 in MCF-7 cells with or without aspirin treatment to answer this question. In contrast to the common inhibitory role of aspirin against NFκB, results of activation of NFκB signaling by aspirin have been recently reported (26) . Reasons for this inconsistency might be the differences in the dose of aspirin administered and the different models used in the experiments. Further study is needed to confirm this possibility. The present study also pointed out that H 2 O 2 alone can promote EMT in a way different from TNF-α-induced EMT, in which NFκB only plays a minor role. Since EMT can be affected by many signal pathways and kinds of transcription factors (17) , another transcription factor(s) or signal pathway(s) may be the leading factor(s) of EMT induced by ROS. A study on how ROS promote EMT is currently underway. This result also sheds light on the mechanism of tumor metastasis since hypoxia is another characteristic of tumors due to overproliferation and nutrient insufficiency, which in turn produce ROS. Thus, antioxidants may also be useful for the prevention of cancer.
Our results imply a critical role for TNF-α in stimulating EMT, in which NFκB functions essentially via the transcriptional upregulation of Snail and thus the inhibition of E-cadherin, while in ROS-induced EMT NFκB does not seem to be so essential. These data indicate the importance of determining different drug strategies for the prevention of cancer metastasis induced by different stimuli.
